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ABSTRACT
A series of experiments have been run with the aim of measuring
the reaction rate of lithium and nitrogen over a wide spectrum of
lithium pool temperatures. In these experiments, pure nitrogen was
blown at a controlled flow rate over a preheated lithium pool. The pool
had a surface area3 of approximately 4 cm2 and a total volume of
approximately 6 cm . The system pressure varied from 0 to 4 psig.
The reaction rate was very small - approximately 0.002-0.003 g Li
min cm for lithium temperatures below 500*C. Above 5000C the reaction
rate began to in rease sharply, and reached a maximum of approximately
0.80 g Li min cm above 700'C. It dropped off beyond 1000*C and seemed
to approached zero at 1150*C. The maximum reaction rate observed in
these forced convection experiments was higher by 60 percent than those
previously observed in experiments where the nitrogen flowed to the
reaction site by means of natural convection.
During a reaction, a hard nitride layer built up on the surface of
the lithium pool -- its effect on the reaction rate was observed. The
effect of the nitrogen flow rate on the reaction rate was also observed.
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Chapter 1
INTRODUCTION
Lithium is an important material in conceptual fusion reactor designs. It has
a high thermal conductivity and good tritium breeding characteristics, so in its
liquid state it can perform the dual role of reactor coolant and tritium breeder.
Lithium's ability to perform this dual role is unique among the elements.
Unfortunately, lithium is also highly corrosive and highly flammable in its
liquid state. It is the only alkali metal that reacts with nitrogen, and at high
enough temperatures it will corrode through almost anything, including glass,
quartz, most ceramics, carbon steel, and stainless steels. Ref. [1] is a good
source of lithium data, and gives a partial list of materials tested for lithium
-12-
compatibility over a wide temperature spectrum.
For the UWMAK - III fusion reactor design, the last design to propose
lithium as a coolant, lithium reactions in air and concrete accounted for 40,000
GJ in available chemical energy. This energy, if released, could conceivably cause
a great amount of damage, [2]. In response to this danger, concerned designers
of fusion reactors have proposed replacing lithium with lithium-lead or lithium
ceramic compounds. However, these alternative breeders suffer from other disad-
vantages. In the recently concluded "Blanket Comparison and Selection Study,"
[3], lithium was included as a strong candidate for the blanket material.
Lithium-lead is inferior to lithium in many ways: it does not have as high
a thermal conductivity, its higher density means that more energy is needed to
pump it around a loop, it is more corrosive to stainless steel, it has a higher
radioactivity, and by virtue of its greater mass, it puts a larger burden on its
containing structure. The ceramic compounds of lithium have poorer tritium
breeding and recovery characteristics than pure lithium.
It is clear, then, that as a blanket material lithium offers many desireable
advantages over lithium-lead and the ceramic lithium compounds. It remains
to be shown that lithium's main disadvantage - its enormous store of chemical
potential energy, which may be released at high temperatures in the presence of
air or water - can be overcome. This danger can be aleviated either by eliminating
the reacting materials (air or water) in proximity to the lithium, or by operating
under conditions where the reactions are limited. In order to find the conditions
under which the lithium - air (or water) reaction is limited, the kinetics of the
various relevant reactions must be well understood. This report deals with the
reaction kinetics of lithium and nitrogen, nitrogen making up 80 percent of air.
Presently, much work is being done to characterize the reaction kinetics of
lithium and lithium-lead compounds with air. A computer code, LITFIRE, has
been developed at MIT with the aim of predicting pressures and temperatures
-13-
generated inside a fusion reactor containment by a large lithium fire, 121,[4].
In 1978, Jeppson at Hanford Labs in Richland, Wa (HEDL) ran a number of
experiments measuring pressures and temperatures caused by a large lithium
spill inside a reaction vessel, [5]. At different times the vessel was filled with
nitrogen or with air, and the lithium was preheated to various temperatures
before each run. LITFIRE was applied to HEDL's experiment, and predicted
the pressure buildup in the vessel fairly well, but overpredicted both the nitrogen
and oxygen reaction rates, [4].
Tillack suggested that one important improvement to the code would come
from the generation of an experimental curve that showed the lithium-nitrogen
reaction rate as a function of the lithium pool temperature, [2]. In his own
work on LITFIRE, Tillack was hindered by the lack of data on lithium-nitrogen
reaction rates for a wide range of intermediate temperatures. HEDL's data gave
figures for reaction rates for only three lithium pool temperatures (225, 500, and
900 C). Because of this scarcity of data, Tillack was forced to guess at the shape
of the reaction rate vs. temperature curve, which may have contributed greatly
to the code's inaccuracies. Figure 1.1 shows some of the hypothetical curves he
considered.
Gilberti suggested that an incorrect model of the diffusion of the lithium
vapor to the reaction site might also contribute to LITFIRE's error, [4]. LITFIRE
models the lithium -air reaction as a reaction between gaseous nitrogen and
oxygen and lithium vapor. Before reacting, lithium vapor is assumed to evaporate
from the lithium pool and diffuse upward a tiny distance to the reaction site. The
nitrogen and oxygen gases are assumed to arrive at the reaction site via natural
convection. LITFIRE assumes the controlling mechanism for the reaction rate
is the rate of arrival of the nitrogen to the reaction site.
But as the reaction advances, a dense layer of lithium-nitride builds up on
the surface of the lithium pool. Quickly this layer grows thick and slows the
another
possibility
Reaction
Rate
225 625 1025 2 5 6 5 1625 225
Temperature OC
625 1025
Figure 1.1 : Tillack's hypothetical
curves of the lithium-nitrogen reaction
rate as a function of temperature.
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rate at which lithium arrives at the reaction site, so that eventually the rate of
lithium diffusion through the nitride layer may become a controlling mechanism
for the lithium- nitrogen reaction rate.
The purpose of the experiment described here is to measure the lithium-
nitrogen reaction rate as a function of the lithium pool temperature. In this
experiment, the nitrogen was blown past a small lithium pool at a constant
mass flow rate. Therefore the nitrogen arrived at the reaction site by means of
forced convection; in this respect the reaction mechanism differed from HEDL's.
The nitrogen flow rate was set high enough so that it did not control the reaction
rate. We found that for lower flows the reaction rate increased with an increasing
nitrogen flow. But the flowrate reached a point where it delivered more nitrogen
than the reaction could burn. Increasing the flow more no longer changed the
reaction rate. It was at this point and beyond that we set the gas flow. Thus
we assume that the reaction rate was controlled not by the rate at which the
nitrogen arrived at the reaction site, but instead by the rate at which lithium
arrived at the reaction site by means of diffusion.
Because the rate of the lithium diffusion to the reaction site controlled the
reaction rate, the effect of the nitride layer on the lithium diffusion could be
determined by measuring the reaction rate as a function of time.
Some designers have proposed that pure nitrogen be used as a cover gas
in fusion reactors, as nitrogen practically does not react with lithium at low
temperatures. But in order to show that this scheme will work, we must know
the lithium-nitrogen reaction rates for a wide spectrum of lithium temperatures.
Therefore this experiment serves another purpose in that it shows the tempera-
ture limit below which nitrogen can be effectively used as a cover gas for lithium.
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Chapter 2
REVIEW OF PAST EXPERIMENTS ON LITHIUM-NITROGEN
KINETICS, PLUS A BRIEF DESCRIPTION OF LITFIRE
This chapter will discuss three past experiments that measured lithium -
nitrogen reaction rates at various temperatures. Also it will present some of the
assumptions used in LITFIRE to model the lithium-nitrogen reaction.
-17-
2.1 The McFarlane/Tompkins Experiment
In 1962, McFarlane and Tompkins published a report of their work on the
nitridation of lithium, [6]. Their goal was to discover how the low-temperature
lithium-nitrogen reaction rate changed with time. Their apparatus is shown in
figure 2.1. Lithium was placed in the filter unit under argon, and then heated
until it melted and flowed into the reaction vessel. The filter unit was removed,
a plate was fastened onto the top of the reaction vessel, and after evacuating the
chamber for several hours at 300C, nitrogen was let into the vessel. The gas was
maintained at a constant pressure throughout the reaction. This was done by
bleeding in nitrogen from a second tank which was at an even higher pressure.
The reaction rate was determined by marking the drop in the pressure of this
secondary tank as a function of time.
Their results are shown in figure 2.2 for a lithium pool temperature of
345.5C. (Actually, they measured the temperature of the outside of the pool
container wall, so the pool temperature was probably 10-15 C higher). In this
figure, w stands for millimoles of nitrogen absorbed by the reaction. These re-
sults show that during the lithium-nitrogen reaction, nitrogen consumption varies
with time according to a parabolic law. A parabolic law governs reactions where
the rate controlling mechanism is the diffusion of one of the reactants through a
surface film. The surface film in this case is the reaction product, lithium nitride,
which forms at the surface of the lithium pool. Thus, the authors concluded, the
reaction rate dropped off rapidly with time because of the lithium nitride that
collected at the pool surface.
Additional experiments were made to determine the effect of the gas pres-
sure on the low temperature lithium nitrogen reaction rate. These experiments
showed that for a range of pressures varying from 2.01 psig to 8.59 psig the
reaction rate was independent of pressure.
In their analysis, the authors presented a number of possible rate-controlling
-18-
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mechanisms, and eliminated all but one of them. First they postulated that
the reaction might occur wholly or partially in the gaseous phase. But this
mechanism could not be right, they claimed, because the rate would neccesarily
be dependent on the collision frequency of the nitrogen atoms and the gaseous
lithium atoms, which would mean that the reaction rate would be dependent on
the gas pressure - but they knew the reaction was pressure independent. Also,
the activation energy of this reaction would have to at least be equal to the latent
heat of vaporization of the lithium metal, which is known to be 39 kcal/mole,
whereas in the course of their work the authors measured the activation energy
of the reaction as 15.5 kcal/mole.
Second, the authors postulated that perhaps the reaction rate was dependent
on the rate at which gaseous nitrogen molecules bombarded the lithium pool
surface. But this mechanism also is dependent on the pressure of the nitrogen.
Finally, they postulated that the reaction is limited by the rate of diffusion of
the lithium through the intervening nitride layer. They accepted this mechanism
because, first, it was not dependent on the gas pressure, and, second, because it
required the nitrogen consumption to follow a parabolic law, which they knew
from their experiment to be the case.
2.2 The Addison/Davies Experiment
In 1969, Addison and Davies ran a series of experiments to determine the
effect of the nitrogen layer on the lithium -nitrogen reaction kinetics. While
running their experiment at a temperature of 400 C, they spun a magnet under
a lithium pool at 3000 rpm, which induced currents in the lithium and caused
the metal to rotate rapidly. [7]
By placing a metal baffle at the surface of the spinning pool (they used a
thermocouple well for the baffle), they were able to break up the forming nitride
and maintain a clean lithium surface for some time. Thus they were able to
-20-
observe a reaction of clean lithium and nitrogen, and by running some unstirred
tests, they could compare the nitridation reaction of a clean lithium surface with
the nitridation reaction of a nitride coated lithium surface.
Their apparatus is shown in figure 2.3. Four tanks were used, of varying
heights and diameters, each tank serving as a reaction vessel. Nitrogen was
let into a tank, and reaction rate was determined by measuring the pressure
as a function of time. Notice that in this experiment the gas pressure is not
held constant. Figures 2.4 and 2.5 show typical results for unstirred and stirred
lithium, respectively. Once again, w represents millimoles of nitrogen absorbed.
For the unstirred lithium case, they plotted (figure 2.4) the nitrogen con-
sumption as a function of time for a number of runs. Figure 2.4 shows that the
nitrogen consumption as a function of time once again followed a parabolic law
for the major part of the reaction. In the early stages of the reaction, however
(which the authors did not investigate in detail for the unstirred reaction), the
reaction seems to pass from a linear stage (constant reaction rate) to a logarith-
mic transition stage to the dominating parabolic stage. The authors suggest that
the physical properties of the reaction support the premise of an initial, linear
stage for the reaction : the density of lithium nitride is approximately 2 1/2
times that of pure lithium, and so the conversion of 3 g-moles of lithium to 1
g-mole of lithium nitride results in a volume reduction of 42:27. Therefore, when
the reaction product, lithium nitride, forms on the surface of the burning lithium
pool, it does not take up as much space as the original lithium did, and numerous
cracks appear in the nitride layer. These cracks allow for an unhindered lithium
nitrogen reaction for as long as they exist in large numbers. The reaction data
begins to follow a logarithmic path when there are fewer cracks, and follows a
parabolic path when the cracks seal entirely. Addison's data indicates an initial
linear region for the reaction rate lasting from five to fifteen minutes.
One of their plots for the stirred lithium experiments is shown in figure 2.5.
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In most cases, for the first 40 minutes of the reaction the nitrogen consumption
is proportional to time. Thus for forty minutes the reaction rate is constant.
The authors suggest that for this linear portion of the reaction, the observations
and recommendations of McFarlane and Tompkins do not apply. McFarlane and
Tompkins had proposed that the controlling mechanism for the nitrogen-lithium
reaction should be the diffusion rate of the lithium through the lithium-nitride
layer on the surface of the pool. For this specific reaction mechanism, McFarlane
and Tompkins measured an activation energy of 15.5 kcal/mole.
But when there is no established nitride layer, a different reaction mechanism
must be postulated. For the stirred case the authors measured an activation
energy of 33 kcal/mole with a fifteen percent error. This activation energy is
almost twice that measured by McFarlane and Tompkins, supporting the authors'
claim of a different reaction mechanism.
But Addison and Davies could not say what this new mechanism was, al-
though they gave two possibilities. First, the lithium -nitride reaction could take
place at the metal surface, a process involving chemisorption of the lithium, fol-
lowed by electron transfer. Second, the nitrogen might first dissolve in the liquid
lithium, as lithium has a high nitrogen solubility. This solubility increases rapidly
with temperature, which might explain the high value of the activation energy,
as the rate of solution of the nitrogen would increase along with the solubility.
Addison and Davies confirmed the observation of McFarlane and Tompkins
that the lithium-nitrogen reaction rate is pressure independent. They claimed
pressure independence from 0 to 13.9 psig. They also claimed that this pres-
sure independence supports the notion that the reaction mechanism involves
chemisorbtion of the nitrogen at the lithium surface, as this chemisorbtion cre-
ates a thin resevoir of nitrogen that is relatively unaffected by the gas pressure.
Addison and Davies made one additional observation that is important for
anyone trying to work with lithium. Liquid lithium (along with liquid calcium,
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they say) has the unusual property of spreading and covering the entire inner
surface of its container. Because the reaction rate is a function of the lithium
surface area, this ability can greatly affect reaction rate measurements. The
authors resolved this problem by measuring the entire inner surface of the reac-
tion vessels (except for the tops) and taking this inner surface to be the effective
lithium surface area. But this approach works only for small reaction rates; a fast
reaction will burn the thin layer away in tens of seconds, and thus the effective
surface area for the reaction is quickly reduced to the cross-sectional area of the
reaction vessel.
2.3 The HEDL Experiments
In 1979, Jeppson of Hanford Laboratories, Richland, Wa., completed a series
of lithium-atmosphere tests in a large, sealed reaction containment vessel, 15].
Three of these tests used an atmosphere of pure nitrogen. Some results from
these ,tests are summarized in Table 1 and Appendix 2.
In each test, 10 kg. of lithium was poured from a lithium storage/heating
vessel -into a reaction pan of dimensions 50cm by 40 cm by 25 cm deep (the
lithium surface area was 0.2 m2 ). The pan was suspended in a closed container
filled with an almost pure nitrogen atmosphere with a volume of 14.1 m3 . (see
figure 2.6).
The initial lithium temperature for test LN-1 was 222 C. This temperature
stayed at 222 C for approximately 15 minutes and then slowly dropped. The
constant temperature indicated a very small surface reaction that was just fast
enough to balance the heat losses from the lithium pool. For many purposes, this
reaction rate can probably be approximated as zero. After 25 hours, the reaction
vessel was opened; a thin, deep black nitride layer had formed on the surface of
the lithium pool, and after scraping away the nitride surface, unreacted lithium
was found underneath.
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TABLE 1:
TEST #
HEDL LITHIuM NITROGEN TESTS
INITIAL LITHIuM TEMP. (C)
PEAK LITHIUM TEMP. (C)
INITCONTAINMENT PRESS. (KPA)
FINAL CONTAINMENT PRESS. (KPA)
PEAK REACTION RATE (G LI/MIN CM2)
LN1 LN2
532
542
15.9
7.8
0.044
LN3
840
960
14.5
0
0.567
222
224
14.6
-0.97
0
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The initial lithium temperature for run LN-2 was 538 C. This temperature
fell immediately to 532 C due to heat losses to the reaction pan. A surface re-
action slightly stronger than the reaction during test LN-1 heated the lithium
pool to 542 C, and then the lithium slowly cooled. Twenty-five hours after the
reaction began, the vessel was opened; a layer of white powder (lithium oxide
or hydroxide) was found on top of the pool, indicating that the atmosphere had
been slightly contaminated with oxygen or with water. Also some red reaction
product was found on the surface, indicative of an amorphous form of lithium
nitride. A deep black nitride layer lay beneath the white and red compounds.
Below the nitride layer lay pure lithium. Chemical analysis showed that the
reaction product consisted of 85 percent nitride, 11 percent hydroxide and hy-
droxide hydrate, and less than five percent oxide. Clearly, the atmosphere was
contaminated with foreign gases before the start of the run. Lithium hydroxide
acts as a catalyst for the nitrogen lithium reaction, but oxygen can choke the
reaction, so the sum effect of these contaminants is not clear.
The initial lithium temperature for test LN-3 was 843 C and the peak pool
temperatUre after a fierce burn was 960 C. Much red and white aerosol was gen-
erated during the experiment; this aerosol was found to consist largely of lithium
oxide and lithium hydroxide, showing once again that the vessel atmosphere was
not completely pure. Again, it is difficult to say just what effect these impurities
had on the lithium-nitrogen reaction rate. But it is clear that at these very high
temperatures, the lithium-nitrogen reaction is quite strong and produces a lot of
energy. Figure 2.7 shows a plot of reaction rate vs. time for run LN-3.
Note that no reaction rates were provided by the investigators. Therefore,
reaction rate was calculated as follows. Every so often during the HEDL ex-
periment, the pressure in the reaction vessel was measured. Assuming that all
the nitrogen lost in the vessel was absorbed by the lithium-nitrogen reaction, we
converted their measured pressure losses to gas mass consumption by means of
the ideal gas law. Dividing the lost nitrogen mass by an appropriate time interval
-28-
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gave us the reaction rate for that interval. Notice that this calculation gives an
average reaction rate for a particular time interval. In Figure 2.7, each averaged
point is plotted at the end of its respective time interval: for example, the point
plotted for t =120 sec is actually the average reaction rate between t = 0 sec
and t = 120 sec.
Notice how quickly the reaction rate drops off as a function of time; if we
assume that the reaction burned at a maximum rate of 94.5 gLi/sec m2 from
t=0 to t=100 sec., then at t=100 sec. the nitride layer was about 2 cm. thick.
It seems that at t=100 sec the reaction rate was greatly slowed by the nitride
layer. The dotted line in figure 2.7 shows how the reaction would have gone if it
had burned at its maximum rate until all the lithium had been exhausted.
Figure 6.1 maps w 2 vs. time for run LN-3, where w is in units of kg of
lithium consumed. The points come close to a straight line, indicating that for
a first approximation, w squared is proportional to time. This result is the same
as Addison's and McFarlane's, and shows the hindering effect of the nitride on
the lithium nitrogen reaction.
2.4 LITFIRE Model for the Lithium - Nitrogen Reaction
LITFIRE assumes the lithium-nitrogen reaction takes place in a combustion
zone located just above the surface of the lithium pool. Figure 2.8 is a diagram of
this combustion zone. Nitrogen flows to the combustion zone from the nitrogen
atmosphere above by means of natural convection. Lithium vapor diffuses to the
combustion zone from the lithium pool directly below. This model was adapted
from a sodium pool fire model presented by F. Huber, [8].
In this model, the mechanism that controls the rate of the lithium-nitrogen
reaction is assumed to be the rate at which the nitrogen arrives at the reaction
site, which in turn is controlled by the constraints of the nitrogen natural convec-
tion. Lithium is assumed to arrive at the site faster than the nitrogen; therefore
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it is in abundance and does not affect the reaction rate. Once the reacting agents
reach the reaction site, they are assumed to react instantaneously.
Figure 2.9 shows the single-cell geometry LITFIRE uses to represent lithium
pool fires in a large, contained atmosphere, [4]. LITFIRE tries to predict the
effect of a lithium fire on (among other things) the atmosphere's temperature,
the container's wall temperature, and the atmosphere's pressure.
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Chapter 3
LITHIUM - NITROGEN FORCED CONVECTION EXPERIMENT
- OVERVIEW AND APPARATUS
3.1 Introduction
This chapter describes the apparatus used to generate a curve of reaction
rate vs. lithium temperature for the lithium -nitrogen reaction. In these experi-
ments the nitrogen flowed at a fixed rate across the face of a small liquid lithium
pool. The nitrogen flow rate was small: from 1.5 to 3.5 liters/min. The lithium
pool had a 3.88 cm 2 surface area. The lithium pool was kept small in order to
limit the total amount of energy that could be released in an accidental fire. The
temperature of the lithium pool was held as constant as possible for each run,
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and for different runs the pool temperatures varied from 300 to 1100C.
The experiment was contained in a hood so that, in the event of a leak, the
path of any lithium by-products could be controlled. Nearby a bottle containing
a mixture of three salts, NaCl, BaCI2 , and KCl was kept for use in case of a
lithium fire (though none occurred during the course of the runs). Salt is a
recommended extinguishing agent for lithium fires. [1]
3.2 The Basic Approach
Figure 3.1 shows the entire apparatus. Prepurified nitrogen gas, taken from
a high pressure tank, passes through a Linde Molecular Sieve, Grade 4A, to
remove water, and flows into tank 1, where it is stored. During a run, the pure
nitrogen flows from tank 1 through the preheated reaction site and over the
preheated lithium pool, where some gas reacts with the lithium and some passes
on through the heat exchanger, the filter, and into tank 2. Pressure gauges
on tank I and tank 2 record the respective losses and gains of pressure. Using
thermocouples to record gas temperatures, the respective losses and gains of gas
(in units of moles) can be deduced using the ideal gas law:
PV = nRT
where P is the absolute pressure, in Pascals, n is in gmoles, T is in degrees
Kelvin, R = 8.314 joules/gmole-K, V is in m3 .
The difference between the amount of gas gained by tank 2 and the amount
lost from tank I is equal to the amount of gas lost to the lithium nitrogen reaction,
and by using a clock during the run, reaction rate can be deduced.
The pressure meters and the tank sizes were chosen carefully to keep the
system pressure as low as possible, and also to keep the error as low as possible.
These are conflicting desires, as the error in reading the pressure meters is reduced
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by increasing the pressure change in a given tank for a given time period, but
increasing this pressure change leads to higher system pressures.
Sizing the pressure tanks required several steps and a bit of guesswork. First,
we needed to assume a certain reaction rate - the one we chose was 25gLi/sec
m2, a figure taken from HEDL's data. 12] For a lithium surface of 3.88 cm 2 ,
this reaction rate meant that 0.58 grams of lithium would be consumed by the
reaction in one minute, along with 0.31 liters of nitrogen at STP. We decided
arbitrarily that the flow rate of the nitrogen past the reaction site should be at
least five times the nitrogen consumption rate, so we set the minimum nitrogen
flowrate at 1.5 liters/min. Finally, in order to prevent leaks and to make it easier
to read the pressure meter over tank 2, we limited the pressure in tank 2 to 3 psi.
The reaction site and tank 2 were seperated by a filter; at a nitrogen flow of 1.5
liters/min the pressure drop across the filter was approximately 1 psi. Therefore,
the pressure at the reaction site was limited to 4 psi.
A nitrogen flow rate of 1.5 liters/min and a system pressure limited to 3
psi led us to choose the following tank dimensions: tank 1 had a volume of
.00416 m3 , tank 2 had a volume of .0238 m3 . It turned out that for intermediate
lithium pool temperatures the measured reaction rate was close to the rate we
assumed - 25 gLi/sec m2 . Not surprisingly, for intermediate pool temperatures
the apparatus performed well. For low pool temperatures, the tanks were too
big and it was difficult sometimes to measure any reaction rate at all. For this
reason, the volume of tank 2 was later reduced to .01402 m.
For high pool temperatures, the tanks and flowmeter were too small; as a
result the reaction consumed more gas than the system could readily deliver.
Therefore it was difficult to make sure that the reaction rate was independent
of the gas flow rate. In response, we turned the flow to the maximum rate the
flowmeter could handle, leading to large gas flows, large pressure changes, and
runs that lasted for as little as eight seconds.
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Overall error estimates are given in Section 6, "Analysis of the Data."
3.3 The Reaction Site Construction
Figure 3.2 shows the reaction site, which includes a furnace, a large copper
heat sink, the lithium pool container, and the lithium pool cooling system. Figure
3.3 is a close-up of the lithium pool container, showing the thermocouple well,
which was immersed in the lithium pool during a run, and the pool cap, with
welded gaslines at both ends. During a run, the nitrogen flowed in from the left
gasline and flowed out to the right.
The container was fashioned from 316 Stainless Steel. Its inner diameter
was 2.22 cm, with walls .032 cm. thick. The area of the container cross section
was 3.88 cm 2 . The depth of the container was 3.10 cm. Lithium pellets of
99.9 percent purity were purchased from Aldrich Chemical Co. of Milwaukee,
Wi. The lithium was delivered in 25 gram samples, in bottles, under argon.
However, the pellets were not shiny in their bottle, but rather were discolored,
mostly a dark gray color, although occasionally white or specked with red. This
discoloring indicated the presence of nitride, oxide, or hydroxide on the surface
of the lithium, so the actual purity of these lots was questionable.
The thermocouple well was made by Omega Engineering, Inc. of Stamford,
CT. The well was mounted through a hole in the pool cap and then welded to
the cap. Initially the well had been mounted in a stainless steel compression
fitting that had been welded to the pool cap, but the stainless steel ferrule inside
the compression fitting could not keep the gas from leaking out of the container,
so the ferrule was removed and the seal welded shut. We used the compression
fitting initially because we foresaw the lithium corroding through the well, and a
compression fitting would have made the well easy to replace. As it turned out,
replacing the welded wells was quite difficult, but for the very high temperatures
of this experiment we could not find any sealant that would make the well joint
leaktight, so we had no choice but to weld the joint.
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The lithium pool container, the pool cap, the gas lines and the thermocouple
well were all made of 316 stainless steel, following the advice of D.Jeppson [5] who
had observed that lithium quickly corrodes through carbon steels and through
304 stainless steel at high temperatures. As it was, the lithium quickly corroded
through the thermocouple well during high temperature (700-1100 C) runs, and
the well had to be replaced twice during the course of the experiments.
The lithium did not corrode as quickly through the walls of the pool con-
tainer, the pool cap, or the gas lines, although these three parts were constantly
exposed to hot lithium and hot lithium nitride (which is also highly corrosive).
After several runs (a run never lasted for more than three minutes) there were
some signs of weak corrosion on the container wall, but even after thirty runs
there was no sign of any major structural damage.
The combination of very high temperatures and the extraordinary corro-
siveness of hot lithium and lithium reaction products made the selection of the
O-ring material difficult. Copper melts at 1083 C, which is too close to the upper
limit of the lithium - nitrogen reaction, which we expected to be 1027 C (beyond
this temperature, the Gibbs free energy reverses sign and the reaction stops. 12]
However, experimentally we measured reaction rates to as high as 1128 C.) Nor-
mal stainless steel loses much of its elastic strength at very high temperatures,
and was not recommended. We chose 0 -rings made of Inconel X-750 made by
Advanced Products Co. of North Haven, Ct. These rings were coated with a
microlayer of nickel to give a good seal. Although lithium will quickly corrode
through both nickel and inconel at high temperatures, the reaction did not last
long enough to destroy the airtight seal, and sometimes the same O-ring was
used for two or more runs.
The furnace was put together with one square foot modular blocks of "Fiber-
frax" ceramic insulation, made by Carborundum Company of Niagra Falls, NY.
Each block was six inches thick, and made of half aluminum oxide and half silicon
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oxide. Cracks were filled with blanket insulation made of the same material as
the modules. A stainless steel floor was set on top of the -insulation in order to
catch any spilled lithium from the lithium container.
The heaters were high temperature, ceramic space heaters, rated to 1200 C,
made by Mellon Corp. of Penacook, N.H. The furnace used four heaters, and each
heater delivered 700 W. At high temperatures the furnace lost approximately
1500 W to the atmosphere, so the heatup time for high temperature runs was
sometimes as long as an hour. During heatup the lithium pool was kept under
argon at a pressure of 3-4 psig, so any tiny leaks in the O-ring seal saw argon
leaking out and not air leaking in.
The lithium pool container was set inside a large copper block, which weighed
26 pounds and whose function was to provide a heat sink for the heat produced
by the lithium reaction. Because copper has a high heat capacity and high ther-
mal conductivity, it was expected to absorb the reaction heat without changing
its temperature by more than 10 C. This in turn was expected to keep the lithium
pool temperature at an approximately constant value. But because there was a
small airspace between the container wall and the copper block, there was poor
heat transfer between the lithium pool and the copper block, and the lithium
pool temperature rose independently of the copper block temperature.
A gas cooling system was added to the copper block in order to control
the lithium pool temperature. Nitrogen gas was blown at high velocity into
the airspace between the lithium container and the copper block. This worked
well at times, but it was difficult to judge beforehand just how much cooling
was necessary, so sometimes the cooling was inadequate and other times the
cooling was excessive and had the effect of slowing or even stopping the lithium
-nitrogen reaction, as it would suck energy out of the lithium pool so quickly that
the reaction could never get started. For high reaction rates, there was never
enough cooling, and the temperature of the lithium pool would rise fifty degrees
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C in a matter of seconds.
3.4 Nitrogen Gasline Systems
The gasline pipe running through the reaction site was made of 316 stainless
steel, with an inner diameter of .430 inches.
Because the gas flow was slow and because much of the length of pipe leading
to and away from the lithium pool was heated by the furnace to very high tem-
peratures, the gas leaving the furnace was expected to be as hot as the lithium
pool itself. Therefore a heat exchanger was inserted in the gas line between the
furnace outlet and the filter. The heat exchanger was a simple device, consisting
of a bend in the pipeline inserted into a pail of water. Thermocouples showed
that both the pail of water and the gas temperature at the exit of the heat ex-
changer were always at room temperature. In this way, the gas temperature in
tank 2 was kept the same as that in tank 1, within 1 C.
The gasline tubing leading to and from the reaction site was 1/4 in. copper
tubing. Its inner diameter was so small that the total volume of the gasline,
including both the stainless steel pipe and the copper tubing, was negligible (ap-
proximately 1 percent of the volume of tank 2). The copper tubing was connected
to the various components of the system with 1/4 in. brass compression fittings.
The filter system originally consisted of two filters: a large, stainless steel
filter rated to .5 micron particles, and a small teflon filter rated to .2 micron.
The large filter was added to the system because a large volume of aerosol was
expected. As it turned out, almost no aerosol was generated by the reaction,
and the large filter was removed from the system because it was not needed and
because it leaked to much. The small filter was an Acro 50, made by Gelman
Inc, of Ann Arbor, Mi. The Acro 50 is a disposable, self contained filter with a
teflon membrane. At the flows used in this experiment, the filter had a pressure
drop of approximately 1 psi.
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The pressure meter over tank 1 measured pressure from 0 to 100 psig, with
increments of 0.5 pounds. The pressure meter over tank 2 measured pressure
from 0 to 15 psig, with increments of 0.05 pounds. Both meters were Helicoid
test gauges, accurate to 1/4 percent of the reading.
The flowmeter was rated from 0 to 3.5 liters/min of air at STP. It was
made by Fischer Porter. The furnace thermocouples were type K and had a
high temperature ceramic insulation. The rest of the thermocouples were type
E, and measured the temperatures in tank I and tank 2, and in the pool of water
used as a heat exchanger. All the thermocouples were made by Omega Corp. of
Stamford, Conneticut.
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Chapter 4
PROCEDURES
4.1 Introduction
A series of approximately thirty runs was made during the summer and fall
of 1984. Of these runs, twenty-four gave good results. Runs were thrown out for
two reasons: if the nitrogen was contaminated with oxygen or water vapor or if
a leak developed during the course of a run.
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4.2 Nitrogen Tank Fill
The basic idea of the experiment was to run nitrogen from tank 1 to tank 2,
and ascribe the amount lost in between to the reaction. Because trace amounts
of water tend to catalyze the lithium-nitrogen reaction [1], it was important to
ensure that the nitrogen in tank 1 was pure. Therefore, before each experiment,
nitrogen was slowly bled into tank 1 until the pressure meter over tank 1 read
approximately 60 psig. At this point, the nitrogen in tank 1 was released to the
atmosphere, and the tank was again slowly filled to 60 psig. If the tank had not
been used for a while, this process was repeated many times (from two to ten
times, depending on how recently the tank had been used). If, as was usually
the case, the tank had been used the day before for a nitrogen test, then this
process was repeated only once. After purging the tank of impurities in this way,
the tank was filled to approximately 65 psig and all valves were shut.
4.3 Lithium Pool Loading
In this experiment it was difficult to consistently maintain the purity of
the lithium, and as a result the lithium pool was invariably contaminated with
small amounts of nitride, oxide, and hydroxide. The lithium came out of the
manufacturer's bottle with a light grey coat, indicating that deposits of nitride,
oxide, and hydroxide had formed with time on the surface. Initially the lithium
was divided from a 25 gram sample to five 5 gram samples under an argon
atmosphere. But it proved to be too difficult to keep the lithium under argon
while moving it from one of these 5 gram samples to the lithium pool container.
So when the lithium was loaded into the lithium pool container, it was done as
quickly as possible in a normal air environment.
To load the lithium into the container, the container and its associated piping
had to be removed from the rest of the gas line, which was done by unscrewing
the stainless steel union joints shown in figure 3.2. After approximately 3 grams
of lithium had been loaded into the container, the metal O-ring was inserted
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between the container and the container cap, and then the cap was sealed to the
container with six stainless steel bolts, which were coated with a ceramic material
that prevented the nuts and bolts from seizing at high temperatures. Then the
container and all its associated piping was flooded with argon, and the entire
piece, consisting of container, cap, and piping, was put back into the pipeline
(the container itself resting in the copper block) and the entire pipeline from the
flowmeter to tank 2 was flooded with argon. Before turning off the argon, the
valve in front of tank 2 was shut, because tank 2 was assumed to contain some
air and so needed to be isolated from the lithium pool during heatup.
In this manner lithium was transferred to the container and isolated with-
out any noticeable surface reaction, in spite of a lack of argon cover for approxi-
mately 3 minutes. Surface reaction was limited because there already was a light
nitride/oxide/hydroxide coat on the lithium pellets, which served as a barrier
hindering any further reaction. Also, the lithium-nitrogen and lithium-oxygen
reactions at room temperature are very slow, ind will not go at all without LiOH,
a catalyst, on the surface of the lithium. [1] -
For runs at high and intermediate pool temperatures (600-1000 C) the
lithium impurity almost certainly had little effect on the lithium -nitrogen re-
action rate, because, once the lithium had melted, the reaction products would
have diffused into the lithium pool and, because the reaction products have a
greater density than the lithium, they would more likely have sunk to the bottom
than risen to the surface. Also, reaction rates at these temperatures were so fast
that in one or two seconds enough reaction product would have been produced
at the pool surface to dwarf the initial deposits of impurities.
For the low temperature runs (500 C and lower), however, the impurities
may have affected the results, as the data was scattered. The impurities seemed
to hinder the smooth melting of the lithium pellets. Sometimes after tests whole
pellets of lithium nitride or of a lithium/lithium-nitride mix, and of the same
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shape as the original lithium pellets, could be found on the surface of the pool.
This indicated strongly that these pellets had never melted. Unmelted pellets on
the surface of the pool could have had two effects: first, they increased the surface
area of the pool, and therefore could have increased the measured reaction rate;
second, because many of the pellets did not melt completely (this was much
more the case at 300 C than it was at 500 C) the impurities on the surface
never migrated and therefore formed a complete layer that could have slowed the
reaction. Also, the reaction kinetics for solid lithium and nitrogen would have
been different from the kinetics for liquid lithium and nitrogen, tending again to
slow the reaction down.
Because these effects tended to counteract each other, it is difficult to predict
the overall effect of the impurities on the reaction rate. Two or three attempts
were made to transfer the lithium to the container under a complete argon cover
(and done with varying amounts of success). These tests proved to be incon-
clusive. Nevertheless, we found a wide scattering of measured reaction rates at
temperatures between 300 and 500C, and the lithium impurities probably helped
create this inaccuracy.
4.4 Lithium Pool Heatup
Heatup of the lithium pool began once the pool was under a pure argon cover
and completely isolated from the rest of the system. Heatup took as long as one
hour, and was monitored with one pool thermocouple, one furnace atmosphere
thermocouple, and four copper block thermocouples. To prevent air from seeping
into the lithium container during heatup, the pressure of the argon inside the
gas line was set at 3-4 psig. The lithium pool and its stainless steel container
reached the desired test temperature some ten minutes and some lOOC before
the copper block; the lithium pool was therefore heated approximately 50 C
above the desired pool temperature, and then the furnace was turned off. The
pool cooling system was used periodically to adjust the temperature either up or
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down. The run was started when the lithium pool temperature and the copper
block temperature were about equal; at this time the lithium pool temperature
was about 50 C less than the desired pool temperature. Once the lithium and
the nitrogen began to react, the temperature of the pool rose quickly.
4.5 Taking the Measurements
An actual reaction rate measurement took anywhere from seven seconds to
about one minute, and required two operators. Sometimes during a run, many
measurements were made in succesion, in order to measure the change in reaction
rate with time. In this case, the run may have lasted several minutes, and the
reaction rate was observed to remain constant for a little while, and then slow
down. During the reaction, one person monitored the pressure gauge over tank
1 and at the same time adjusted the flowmeter to maintain a constant gas mass
flow rate to the reaction site. This flowrate varied from run to run, going from
1.5 to 3.5 liters/min. A second person monitored the pressure gauge over tank
2, and at the same time controlled the data logger, which kept track of all the
desired temperatures and the time.
The experiment proceeded as follows. Once the temperatures inside the
furnace were close to the desired value, all valves in the gasline were opened
except for the valve between tank 1 and the flowmeter. Person 1 then opened
this last valve, adjusting it to set the gas flow at the desired rate. The nitrogen
gas immediately flooded the gas lines at a speed of no less than 3.5 meters/sec,
driving the argon toward tank 2 and reacting on contact with the surface of the
lithium pool. Using a simple forced convection relation, we found that for a slow
gas flowrate of 1.5 liters/min the temperature of the nitrogen when it arrived
at the reaction site was the same as the furnace temperature, and close to the
lithium pool temperature. Person 1 let the gas run for a while, letting the gas
pressure in tank 1 fall either 2 pounds or 5 pounds, depending on the experiment.
The temperature of the lithium pool quickly rose, some 50 to 100 C for the faster
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reaction rates.
Then, when the pressure reached a preset mark on the gauge, Person 1 called
out "ready, set, NOW" to the person at tank 2, who pushed the "record" button
on the datalogger and at the same time marked down the pressure he read at
tank 2. The datalogger marked the time and all the temperatures it read at that
time. Then the person at tank 1 quickly turned on the lithium pool gas cooling
system, which was not operating before that time so as not to interfere with the
start of the reaction.
After the pressure had fallen 2 or 5 pounds (again, depending on the partic-
ular experiment) the person at tank 1 once again called out "ready, set, NOW"
and the person at tank 2 again marked down the pressure reading at his tank
and pushed the record button. In this way the pressure changes in both tanks
were recorded simultaneously, along with the lithium pool temperature.
As was just described, the gas was initially allowed to flow for a little while
before any readings were taken. This was done for three reasons. First, it allowed
time for the lithium pool temperature to increase drastically and then, hopefully,
to stabalize at some steady state temperature where the heat produced by the
reaction was equal to the heat carried away by the cooling system. Sometimes
this worked well, and sometimes it did not work at all. Second, it allowed time
for the pressure in the gas line to build up enough to drive the flow through
the teflon filter, which had a pressure drop of about one psi. This eliminated
the error due to transient pressures inside the gas lines. Third, it allowed that
lithium which had spread up the side and onto the roof of the container time
to burn off, and therefore the reaction surface area could be taken to be the
cross-sectional area of the container, or 3.88 cm 2 .
4.6 Cooldown and Dismantling
Once the experiment was complete, the lithium pool container was usually
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flooded with argon and allowed to cool for an hour. The container was opened
and the reaction product inspected. If the reaction product was not mostly a
pure black (black is the color of lithium nitride), the nitrogen gas was consid-
ered contaminated and the results questionable. Also, the effect of the lithium
spreading was observed. At very high temperatures (greater than 800 C.) the
lithium usually did not spread too much.
The reactants were cleaned from the reaction container by soaking the con-
tainer in water, under a hood. Lithium nitride reacts violently with water, to
form lithium hydroxide and ammonia.
4.7 Difficulties
There were many difficulties that made it more difficult to run the experi-
ments and contributed somewhat to the error in the measurements. The most
beguiling of these difficulties were the effects of the nitride layer, the effects of the
lithium flowing along the walls of its container, the poor heat transfer between
the lithium container and the copper block, and the corrosion of the stainless
steel thermocouple well by the molten lithium.
The nitride layer forms on the surface of the lithium pool and hinders the
mass transfer of the lithium to the reaction site, and thereby hinders the reaction.
Its presence is an inevitable product of the lithium nitrogen reaction, and in one
sense creates a problem because it interferes with the attempt to find a true
measure of the lithium-nitrogen reaction rate. But in another sense, because the
nitride layer is always going to be present (with lithium pools, anyway - flowing
lithium is a different matter), its effects on experimental measurements will mimic
its effects on real-life accidents, and therefore experimental measurements of
lithium -nitrogen reaction rates which include the effects of the nitride layer are
going to accurately predict real-life reaction rates. (Compare this with Addison's
work. Addison measured reaction rates without the nitride layer; this work is
better applied to moving lithium, where a fresh surface is always being made.)
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Note that the effect of the nitride layer on the reaction is temperature dependent,
as the nitride's diffusivity changes with temperature.
Lithium flowing along the walls and roof of the lithium pool container in-
creases the overall reaction area, and thereby increases the measured reaction
rate. If this effect is taken into account, the new reaction area can be estimated
by using the inside surface area of the reaction vessel (Addison pretty much did
this), but this adjustment may not be legitimate because the layer is thin and
burns off more quickly than it can be replaced, except perhaps for the lowest of
pool temperatures. In this work, it is assumed that all the lithium on the walls
and roof has burned off before any measurements are made. In our experiment,
lithium never crept up the walls at any temperature below 500C. (Addison saw
this lithium creep at 400 C, but his lithium was probably purer than ours), and
for higher temperatures the reaction rate was fast enough to burn off the lithium
in seconds.
Another difficulty occured at very high temperatures (greater than 800 C)
and very high reaction rates. Here the reaction burned so fast that the standard
gas flows of 1.5 and 2.0 liters/min did not provide enough gas to keep the reaction
going at full speed. These reactions were gas flow dependent, which, although
interesting, was not the purpose of the experiment. New flows of 3.0, 3.5 and
more liters/min were used to eliminate this dependence.
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Chapter 5
RESULTS AND OBSERVATIONS
5.1 Results
All acceptable results are shown in figure 5.1., which is a plot of reaction
rate vs. lithium pool temperature. Every point in figure 5.1 corresponds to
a particular experimental run. (Appendix 1 presents the data of figure 5.1 in
tabular form, including numbers for the nitrogen flowrate during each run.) Most
of the time, a run netted only one reaction rate measurement. Occasionally,
however, many reaction rate measurements were taken during a single run. For
these runs, the points plotted in figure 5.1 represent the maximum reaction rate
measured.
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We found it was always the case that the reaction rate remained constant
for a while and then slowed down; therefore, when we took many measurements
during a single run, the maximum reaction rate was always the first one measured.
As will be discussed later, the slowing of the reaction rate with time was due
to the inhibiting effect of a lithium nitride layer that gradually built up on the
surface of the lithium pool. This nitride layer did not affect the reaction rate
instaneously, but rather first needed to build awhile before it grew thick enough
to slow the flow of the lithium to the reaction site. Our aim was to always
complete at least one reaction rate measurement before the nitride layer built up
enough to slow the reaction down. Therefore, we can say with confidence that
the points in Figure 5.1 represent the maximum lithium-nitrogen reaction rates
for their respective temperatures, within the limits of the experimental error.
The error is discussed in Chap. 6.
Results were discarded if a leak developed in the gasline or if white reaction
product (lithium oxide or hydroxide) was found on the surface of thie nitride
after the reaction. Included in figure 5.1 is a point of Addison and Davies,
plus a broken line showing the maximum reaction rate found during the high
temperature (LN-3) HEDL run. (The HEDL reaction rate is averaged over a
time period of 120 seconds - see Appendix 2.) The data of Addison and Davies
varied widely, and the point presented in figure 5.1 is an approximately average
value.
The reaction rate was calculated from the following equations:
No. of moles of N2 reacted = n
= ( AP2'X V2 /RT) - ( A P2 X V2 /RT)
Reaction Rate (moles N2 /sec) = n /t
where A P2' and A P2 are the measured changes in tank 2's pressure fol-
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lowing a 5 pound drop in pressure in tank 1, the difference being that when A
P2' is measured there is no lithium in the container and when A P2 is measured
there is preheated liquid lithium in the container. T is the temperature of the
gas in tank 2, in degrees Kelvin, and V2 is the volume of tank 2, in m*3 . R =
8.314 joules/gmole K.
This equation states that the difference between A P2' and A P2 is propor-
tional by the ideal gas law to the nitrogen consumed by the burning lithium. In
short, reaction rate is found by measuring the difference between the amount of
nitrogen that arrives in tank 2 when there is no lithium in the reaction vessel and
the amount of nitrogen that arrives when there is lithium in the reaction vessel.
The other way to measure the nitrogen lost to the reaction is to compare the
amount of nitrogen lost from tank 1 to the amount gained by tank 2. But this
method does not account for gas lost to the system in between the two tanks.
It turned out that, even without a reaction, the amount of nitrogen that arrived
at tank 2 was a little less than the amount of nitrogen that left tank 1. By
measuring the effect of the heated lithium on a steady state nitrogen flow, -which
in effect is what we did, we eliminated the error caused by this inherent ga loss.
Note also that this equation gives a time-averaged value for the lithium-
nitrogen reaction rate. If the reaction rates changed immediately with time, this
averaging process would not show it. However, as we believe the reaction rates
remained constant for a brief time, and as we believe that all the data shown in
figure 5.1 were taken while the reaction rate was constant, the averaging should
not have affected the results of figure 5.1. The averaging did affect the reaction
rate data in Appendix 2 and figures 6.1 - 6.6, which treat the change in reaction
rate with time. The reaction rates listed in Appendix 2 are averaged over the
interval of time between the listed time and the time one tier above the listed
time. For instance, for Run 11 in Appendix 2, the listed reaction rate of 0.108 g
Li/min cm 2 is the average reaction rate for times between 55 and 106 seconds.
The reaction rate of 0.197 g Li/min cm' is averaged between times of 0 and 55
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seconds.
The largest relative errors in the data occured at the low and high ends of
the lithium temperature spectrum. At intermediate temperatures, the data was
quite consistent. Error at the low end of the temperature scale was probably
due in part to impurities on the lithium surface or to impurities in the reacting
nitrogen gas, but mostly it was due to the error associated with the pressure
gauge readings. The reaction rate was so small for lithium temperatures below
500 C that it was difficult to measure the nitrogen lost to the reaction. One
way to alleviate this problem would be to use smaller tanks and to decrease the
flow of the nitrogen to about one fifth the flow of 1.5 liters/min we used in this
experiment, and then to increase the time between pressure measurements from
20 - 60 seconds to 60 - 120 seconds. Another way would be to use more sensitive
pressure meters - ours could distinguish between 2.01 and 2.02 psi, while some
diaphragm devices, for example, can distinguish between 2.001 and 2.002 psi.
Still, for lithium pool temperatures between 300 and 500 C, most of the runs
gave results that fell about a single line. Two points, however, lie far above this
line; the error in these points is great, and cannot be attributed to the pressure
gauge error alone. Our guess is that these reactions were catalyzed by one or a
combination of several impurities; the most likely candidate is water vapor in the
nitrogen flow. Therefore another low temperature curve has been drawn in figure
5.1, a hypothetical upper curve that is conservative and represents the maximum
lithium -nitrogen reaction rates where the reactants have been contaminated in
a way that speeds the reaction the most. Note that this upper curve is hypo-
thetical; its purpose is to suggest that impurities could play a significant role in
the lithium-nitrogen reaction kinetics and to encourage further work in this area.
We can not say for certain if water or any other impurity affects the reaction
rate in such a dramatic fashion.
The lower of the two low temperature curves plots the reaction rates of pure
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lithium and pure nitrogen. We assume that the effect of the impurities is to
increase the reaction rate because one of the most likely impurities, water , is
known to catalyze the low temperature lithium-nitrogen reaction rates. Also, the
abundance of points lies about the lower curve, and we are quite confident that for
the majority of our tests the nitrogen was free of water and other contaminants.
For intermediate pool temperatures ( 500 - 700 C ), the data was quite
consistent, plotting smoothly on the line. The results were good because the
system was correctly sized for the intermediate temperature reaction rates.
For high pool temperatures, two distinct curves have been drawn, showing
the effect of the gas mass flow rate on the reaction rate: When the nitrogen
flow is increased, the reaction rate increases. The three points forming the lower
curve all suffered from a nitrogen mass flow so slow that the nitrogen mass flow
became the controlling mechanism for the reaction rate. By increasing the mass
flow by 50 to 100 percent, the upper curve was obtained. We expect that for this
upper curve, the nitrogen is in abundance and so the reaction rate is controlled
by the availability of the lithium. Therefore, we would not expect to measure a
much higher reaction rate if the nitrogen flow were increased even more.
The ratio of gas reacted to gas fed to the reaction is a good indicator of
whether the reaction rate is dependent on the mass flow of the nitrogen. A test
is considered suitable if this ratio is less than an arbitrary limit of 50 percent. A
ratio greater than 50 percent means that the reaction site probably did not see
enough nitrogen, and the nitrogen flow rate was the rate controlling mechanism.
For the four points marked FLOW DEPENDENT in figure 5.1, this ratio was 65
percent or more. All the other points in figure 5.1 had a ratio of 50 percent or
less.
5.2 Characterization of the Reaction Product
The lithium nitride reaction product was a jet black ceramic material, vary-
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ing in strength according to its density. No chemical analysis was done on the
nitride to determine its purity. We identified the product as nitride by compar-
ing it with the description of nitride given by HEDL in their work.[5] After each
nitrogen test, HEDL analyzed their reaction product and found that it consisted
mostly of lithium nitride, plus varying amounts of impurities (they had some
leaks and some impurities in their gas). They found that pure lithium combines
with pure nitrogen to form nothing other than Li3 N.
At intermediate lithium pool temperatures (500 - 600 C) the foaming lithium
-nitrogen reaction caused the nitride reaction product to bulge into odd shapes,
leading to irregular surfaces. (and thus perhaps changing the reaction surface
area.) This nitride was filled with gas pockets, and was relatively easy to chip
away from the bottom of the container. At higher pool temperatures, the nitride
was denser, had a smoother surface, and stuck tightly to the bottom of the
reaction container. It was very tough, and could not be chipped away.
At low pool temperatures, slow reaction rates led to incomplete burning of
the lithium. In this case, a nitride layer formed on top of the lithium pool, and
pure lithium remained underneath. The nitride layer sometimes contained some
unreacted lithium itself, especially at the lowest temperatures (300 - 400C). In
all cases, unreacted lithium was identified by scraping the suspect material with
a pointed metal object; if lithium was present, the scraping would reveal a shiny
silver metal that quickly reacted with the room atmosphere to form a gray coat.
Only trace amounts of aerosol were generated, except during runs where
oxygen contaminated the inlet gas, in which case a fine white powder of oxide
or hydroxide was found on top of the nitride coat, and some more oxide was
trapped downstream in the teflon filter. Aerosol gradually filled the teflon filter,
to the point where (after thirty runs) the filter had to be replaced. A red reaction
product (probably amorphous nitride) was occasionally found in tiny quantities
on the surface of the pool. In addition, sometimes brilliant crystals of green -
6
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blue - purple hues or of yellow - red hues were found immersed in the nitride
after high temperature ( greater than 700 C) runs. These crystals were probably
compounds of lithium and the metals in the stainless steel reaction vessel - lithium
did eat away at its container's walls, so it is not surprising that some ensuing
reaction product should form.
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Chapter 6
ANALYSIS OF THE DATA
6.1 Introduction
There were five notable sources of error. First, the forming of the nitride
layer, which caused a subsequent slowing of the reaction rate (note, however,
that as the nitride layer is fundamental to the nitrogen-lithium reaction, in most
cases it is not as much a source of error as it is a phenomenon that must be
included in any analysis).
The second source of error was caused by an increase in the lithium pool
surface area, which in turn was caused by two things: first, the molten lithium
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flowed along the walls and roof of the container at temperatures between 400C
and 800 C. Second, for reactions below 800C, we found after the experiment was
over that the contours of the cooled nitride surface were often quite irregular,
implying that the lithium surface was not flat during the reaction.
Increasing the lithium surface area leads to an increased reaction rate, as
reaction rate is proportional to surface area (and therefore is presented in figure
5.1 in units of reaction rate/unit area). For this experiment, we assumed a
lithium surface area of 3.88 cm 2, which was the area of the lithium container's
cross-section.
Third, impurities in the lithium and in the nitrogen either increased or
decreased the reaction rate. Fourth, incorrect meter readings, incorrect volume
measurements, and the effects of the gasline friction pressure drop (especially
across the teflon filter) added to a sizeable error. Fifth, at high temperatures,
insufficient gas flow led to gas flow controlled reaction rates; our goal was to
measure reaction rates that were independent of the gas flow.
It turned out that, of all the sources- of error, by far the largest were the
effects of the incorrect meter readings. This error was especially large for the
low pool temperature runs (less than 500 C). It is difficult to judge the size of
the error caused by the irregular lithium pool surface areas, but the effects of
this error in most cases were probably small. In any case, this error would have
made our data somewhat conservative. The following analysis will discuss the
degree to which each of these five factors influenced the reaction rate.
6.2 Nitride Layer
Figures 6.1 through 6.6 show w 2 plotted as a function of time for a number
of runs, including HEDL run LN-3, in order to show the effect of the nitride layer
on the reaction rate. The points are presented in tabular form in Appendix 2. In
these figures, w stands for total grams of lithium consumed by the reaction after
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some time t. These particular runs were chosen because, during each run, the
temperature of the lithium pool did not vary too much. (Note, however, that for
most runs only one reaction rate measurement was made.)
Plots 6.1 - 6.5 show that w2 varies approximately linearly with time, match-
ing the results of both Addison and McFarlane. The points in these plots do not
show an exact w squared effect, although they hover about a straight line: some
curving a little upward and some curving a little downward. Indeed, one should
not expect a straight line as the reaction rate remains constant for a short while
before it begins to slow. But for a first approximation, figures 6.1 through 6.6
seem to indicate that, after a brief time during which it remains constant, (this
time will increase with increasing temperature) the reaction rate can be taken to
vary according to a parabolic law.
Notice that the plot for run number 16 (Figure 6.6) shows that the lithium
nitrogen reaction rate is constant with time.- Addison's unstirred lithium data
also shows a period where the reaction rate is constant with time. A good
explanation for this phenomenon is that the nitride layer must form to a minimum
degree of completeness on the surface of the lithium pool before this nitride will
effect the reaction rate. Addison said in his work that there is a volume reduction
of 42:27 in going from the less dense lithium to the more dense lithium nitride.
Thus cracks form on the newly formed nitride surface, and the reaction can
proceed uninhibited until these cracks fill in. Depending on the temperature of
the nitride surface and on the rate of the lithium-nitrogen reaction, the time
during which the reaction proceeds uninhibited (reaction rate is constant) will
vary from a few seconds to a minute to (for very slow reaction rates) many
minutes.
Eventually, however, the nitride layer builds up enough to where it begins
to slow the reaction down. This happens because the nitride interferes with the
path the lithium follows before it comes into contact with the nitrogen. The
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lithium-nitrogen reaction takes place in a combustion zone a tiny distance above
the surface of the lithium pool. The lithium must diffuse through the nitride
layer in order to get to the combustion zone (see the description of the LITFIRE
modeling),and as the nitride layer forms and thickens, this diffusion slows down.
For the forced convection experiments described here, the rate of the lithium's
diffusion to the reaction site controlled the rate of the lithium-nitrogen reaction
because the nitrogen was always in abundance. Therefore as soon as the nitride
layer began to slow the rate of the lithium's diffusion to the combustion zone,
the reaction rate slowed as well.
For the HEDL experiment, the nitride layer had a slightly different effect on
the reaction rate. The HEDL reaction rate was controlled by the rate at which
the nitrogen arrived at the combustion zone by means of natural convection.
Therefore the newly formed nitride layer did not slow the reaction rate right
away, as it did for the experiments described here. Instead, the reaction slowed
down only after the nitride grew so thick that the reaction rate was no longer
controlled by the rate at which the nitrogen arrived at the combustion zone, but
rather was controlled by the rate at which the lithium arrived at the combustion
zone.
It is probable that the nitride layer affects the lithium-air reaction rate in
the same way that it affects the lithium-nitrogen reaction rate. Therefore, there
is a compelling need to record accurately the diffusivity of the nitride layer over
the entire spectrum of reaction temperatures. This would allow a code like
LITFIRE to account for the nitride's effect on the reaction rate, with the result
that LITFIRE could predict reaction rates not only as a function of temperature,
but as a function of time.
6.3 Lithium Creep and Pool Surface Irregularities
In his work, Addison noticed that liquid lithium tends to flow along the sides
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of its containers. This flowing he called lithium creep. At higher temperatures,
we have seen that the lithium will not only creep along the walls-of its container,
but along the roof of its container as well.
Because we did not have any way of watching the reaction as it occurs,
our observations concerning lithium creep come from analyzing the shape of the
nitride surface after the reaction had stopped and the container cooled. Upon
opening the container and looking inside, the nitride was seen to have formed a
layer approximately 1 mm. thick over the surface of the walls, and often over
the roof surface too, for reaction temperatures between 600 - 800 C. For lower
temperature runs, the lithium tended not to creep, or, as mentioned before, did
not seem to melt completely. (Addison, however, observed lithium creep at 400
C.) For higher temperature runs, the lithium flowed a short distance up the
container walls and then stopped.
It is difficult to predict exactly the influence of this creep on the reaction rate
measurements, but it seems that ultimately the effect of the creep was negligible
compared to the other sources of error. Certainly, an increase in lithium surface
area will cause an increase in reaction rate. But if the lithium film on the walls is
thin, it will burn off quickly and therefore influence the reaction rate for a short
time only. As a rough estimate, we took the thickness of the lithium film to be
1 mm. For a typical reaction rate at 600 C of .13 gLi/min cm 2 , the lithium film
would completely burn off in 25 seconds. Before a run with a pool temperature
between 600 -700 C, the nitrogen gas was allowed to flow for at least 20 seconds to
stabilize the system pressures and temperatures. Therefore, most of the lithium
film had burned off before the reaction rate measurements had even begun. (At
these intermediate temperatures the nitride layer was still not thick enough at
t = 20 sec. to slow the reaction rate - see figure 6.6 for run number 16.) For
temperatures above 700 C, the lithium film was completely burned off before the
reaction rate measurements had begun.
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The irregular contours of the nitride layer is another matter. It is impossible
to predict the fluctuations on the lithium pool surface during the- course of the
experiment - all we saw were the final nitride contours. (For intermediate lithium
temperatures, the reaction apparantly foams violently). Perhaps these contours
accurately represented these fluctuations - then again, perhaps not. It is certain
that the lithium pool surface was not completely smooth during the course of the
burns. Any surface irregularities only served to increase the surface area and to
increase the measured reaction rate. We did not adjust our data to account for
the effect of the nitride contours because we can assume that these same contours
would form during any lithium pool fire, and so would affect the reaction rate in
the same way as they did during an experimental run.
For low pool temperatures (less than 500 C), the irregular contours and
increased surface areas were not due to a foaming reaction but to an incomplete
melting of the lithium pellets. Thus the surface area of the lithium pool was
significantly greater than the assumed value of 3.88 cm 2 , tending to speed up the
reaction. But incomplete melting would also tend to slow the reaction rate down,
because it takes more energy to extract lithium vapor from a solid than it takes
to extract it from a liquid. Also, the incomplete melting at low temperatures was
due to reaction products on the surface of the lithium. These reaction products
may have formed a barrier and slowed the reaction down by interfering with
the flow of the lithium vapor. So perhaps at low temperatures the effect of the
increased surface area on the reaction rate was balanced by the effect of the solid
pellets and the effect of the coat of reaction product on the surface of the pellets.
As it turned out, most of the low temperature points in figure 5.1 fell about
a single line, even though the degree of melt varied from run to run, probably
indicating that the effect of the incomplete melting was small.
The surface area changed another way for temperatures higher than 600C:
the nitride at the bottom of the container took a shape like the inside of a sphere.
This concave surface would have an area twice that of the container cross section.
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The lithium apparantly flowed out toward the walls and at the same time left a
recession in the middle. However, that part of the lithium surface that ran along
the container walls probably burned off before the reaction rate measurements
began. Overall, then, it is likely that the effects of the concave surface were
slight.
In general, the irregular contours of the lithium pool surface probably led
to a significant error in our data. However, in a real lithium spill these irregular
contours would also form. Therefore our data probably reflect accurately the
lithium spill reaction rates. If not, then the data is conservative, because the
effect of the increased surface area is to speed up the reaction. It is very difficult
to guess just how conservative the data might be.
6.4 Impurities
Impurities can either act as a catalyst and spur the lithium nitrogen reaction,
or they can interfere somehow with the reaction mechanism and slow it down.
6.4.1 Gas Impurities
D. Jeppson in his lithium literature review [1] said that lithium hydroxide
acts as a catalyst for the lithium - nitrogen reaction - this effect needs to be
quantified for the entire reaction temperature spectrum. A water concentration
of 10-15 ppm will apparantly cause lithium to react with nitrogen at room tem-
perature, where no reaction would usually take place. Water vapor catalyzes the
lithium-oxygen and the lithium-carbon dioxide reactions in the same way.
Oxygen on the other hand tends to stifle the lithium nitrogen reaction.
Oxygen reacts with lithium much more vigorously than nitrogen, and so the
lithium tends to preferentially react with the oxygen. Also, the reaction product
lithium oxide could conceivably interfere with the lithium-nitrogen reaction and
thereby slow it down. Also, the oxygen itself could somehow interfere with the
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reaction. As the nitrogen gas would have contained only traces of the oxygen
impurity, the only effect of the oxygen -would have been to interfere with the
nitrogen reaction and slow it down. There would not have been enough oxygen
reacting with lithium to have caused us to measure an increased reaction rate.
The gas used in the experiment was prepurified nitrogen stored in 2000 psi
cylinders. The nitrogen was run through a molecular sieve to remove the water
vapor. The best evidence we had of the nitrogen's purity came from examining
the reaction product: upon opening the lithium reaction container, we always
saw the reaction product was a jet black solid. Occasionally during the first
few runs we found some white powder on the surface of the nitride; this white
powder was either the hydroxide or the oxide. If we'found any white reaction
product after a low temperature run, we assumed that the gas was contaminated
with water and threw out that run. One high temperature run, number 12,
had a dusting of white powder on the surface of the nitride; we kept this run
because we did not expect the hydroxide to have the same catalyzing effect at
high temperatures. Later it turned out that run number 12 was also dependent
on the nitrogen flowrate (see figure 5.1) so the possible catalyzing effect of the
impurity was insignificant in view of the lack of nitrogen at the reaction site.
Also after run number 12, and after a few other runs as well, we found some
red sprinkles of reaction product on the surface of the black nitride layer. We
assumed this red by-product to be amorphous nitride, which has a reddish hue
to it, and did not worry about it implications.
Overall, we expect that the catalyzing effect of the water vapor would have
overpowered any reaction hindering effect of the oxygen, and therefore would
have led to increased reaction rates at lower lithium pool temperatures. Higher
temperature runs probably would not have been affected much by trace amounts
of water vapor or hydroxide.
6.4.2 Lithium Impurities
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Before each run we noticed impurities on the surface of the lithium pellets.
Nitrogen, oxygen, or water had probably reacted with the solid-lithium to form a
thin grey coat. Once the surface of the pellets had been coated with the reaction
products, it seemed as though no further reaction would take place in air at
room temperature, as the grey coat did not become noticeably thicker over short
periods of exposure (5-10 min). The pellets came out of the manufacturer's bottle
with this grey coat ; scraping revealed shiny lithium just underneath. The coat
was so thin that the pellets had lost none of their malleability, and they could
be cut and pressed with ease.
When the pellets were moved from their bottle to the reaction container,
they were exposed to the air for approximately five minutes. Again, it seemed
as though no additional reaction product formed during this five minute transfer
period. Most of our runs were made in the fall, when the air was dry; as lithium
will not react with nitrogen or oxygen at room temperature unless there is water
vapor in the air, it is likely that little additiofial reaction took place during the
transfer from the bottle to the container. (although it is possible that one of
the contaminants on the surface of the lithiumwas hydroxide, which would have
catalyzed the oxygen and nitrogen reactions at room temperature.)
Nevertheless the lithium pellets in the reaction container were not absolutely
pure. As mentioned before, it seemed that the grey coat prevented the lithium
from melting completely at its listed melting temperature of 180 C. Runs from 300
- 500 C often ended with nitride pellets (with dimensions similar to the original
lithium pellets) resting at the bottom of the container. Usually there were seven
to fifteen of these nitride pellets on the pool surface, and underneath was a more
homogeneous layer of nitride, marked with airpockets and an occasional pellet.
At temperatures less than 400 C, not all the lithium reacted, and the reaction
product was a mixture of nitride and pure lithium. However, in all of the low
temperature runs most of the lithium managed to melt, forming a pool at the
bottom of the container. In many of these runs, all of the lithium melted.
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The effect of this lack of complete melting is not clear. On one hand, the
lack of melting increased the surface area -of the lithium and-thereby increased
the reaction rate. On the other hand, the presence of solid lithium would have
changed the reaction mechanism somewhat, probably tending to slow the reaction
down.
Many runs were made at the low end of the temperature spectrum in order
to quantify the effect of the poor melting and the impurities. The points, with
two exceptions, fall about the lower line of figure 5.1, even though the degree of
melting varied widely from test to test. This is a strong indication that in most
cases the effect of the impurities and the effect of the irregular surface area was
slight.
As an additional test, during run number 22 the lithium was transferred
carefully to the reaction container under cover of argon. During this run, the
meters measured no reaction at all. The reaction rate was estimated by compar-
ing the small temperature rise of this run to similar temperature rises of other
runs of known reaction rate. The result is right on the lower line of figure 5.1,
which further indicates that the effect of the lithium impurities was relatively
minor for the low temperature tests.
Certainly for pool temperatures above 600C the effect of the lithium im-
purities was negligible, because the higher reaction rates almost instantaneously
dumped their own impurities into the pool in quantities much greater than the
quantity of initial lithium impurities. LiOH on the surface of the pellets should
not catalyze the reaction at these temperatures, although LiOH might affect the
temperature at which the slope of the reaction rate vs. temperature curve starts
to become suddenly steep.
6.4.3 Summary of the Effect of Impurities
Overall, the error in measured reaction rates at the low temperature end of
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the spectrum is large, with an error of as much as 100 percent. Two additional
points vary so -far off the line as to be -extraordinary. In spite-of our effort to keep
the nitrogen as clean as possible, some of this error can be attributed to the effect
of impurities in the gas. Probably some can also be attributed to impurities in
the lithium. Most of the error, however, was almost certainly due to the error in
reading the meters (see section 6.5).
6.5 Mechanical Errors
Gas leaks were a big source of error, with flows that could surpass the
flow of gas to the reaction site itself. Before every run the system was held at
approximately 4 psig for several minutes to see if a leak had developed overnight.
Because of leaks many completed runs were thrown out and even more runs were
stopped in the middle.
The metal O-ring was the biggest source of leaks, although we found that by
heating the reaction container, a small leak in the 0 -ring seal would seal itself.
Tank Volumes
The error in measuring the volume of the two tanks is approximately 1
percent.
Gasline Pressure Drop
The acceleration pressure drop is zero because the gas temperature beyond
the heat exchanger is the same as the gas temperature going into the furnace. We
assume the pressure drop due to pipe friction and pipe bends is zero because the
gas flow rate is very slow. Therefore the only large pressure drop in the gaslines
is due to the friction drop across the teflon filter. This pressure drop is approx-
imately 1 lb., which means that an insignificant amount of gas is unaccounted
for, held behind the filter.
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Pressure Gauge Error
The error due to incorrect gauge pressures, and to misreading these pres-
sures, is large - especially at low temperatures. First, each meter was rated as
accurate to 0.25 percent of the reading - at an average system pressure of two
psig, this is an error of .005 lb. Second, we estimate a combined operator error
for person 1 and person 2 of .038 lb. This gives a total error of .043 lb., which
for low temperature runs gives an error of 100 percent, which is close to what
we see in figure 5.1. This large error is not surprising, given that the system was
sized for reaction rates one to two orders of magnitude greater than the tiny low
temperature reaction rates.
At very high pool temperatures one would expect a large error in reading
the meters, where the system is too small and, because of the neccesary higher
gas flows, the pressure rises too fast. However the added volume error that comes
from misreading the meters is small compared to the enormous volume of gas
taken in by the reaction, and overall the high temperature error seems to be
quite small - about 20 percent. At intermediate temperatures (600 - 700 C) the
error is about 20 percent, which is close to what we expected.
Total Error
We assume the total error in our measured reaction rate is equal to the
pressure gauge error, because the pressure gauge error is much larger than all
the other errors combined. The uncertainty connected with this pressure gauge
error is probably by itself of the same size as the sum total of the remaining
errors. Figure 6.7 maps this total error on the lithium - nitrogen reaction rate
curve. Notice that the data points match the curve well at intermediate and high
temperatures, indicating that these error estimates are probably conservative.
These error estimates assume that we did a poor job of reading the meters, but
with experience, our ability to read the meters improved considerably.
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One exception may have been run number 27, which is the point that lies far
above any other in figure 5.1. Perhaps during this run the pressure measurements
began too soon after the gas flow was turned on, and so all the lithium on the
walls and cap of the container contributed to the reaction rate measurement. For
this run the flowmeter was turned beyond its maximum, and we had to take a
measurement fast, before the pressure in the system rose too high. We also took
the measurement quickly because we were worried that the nitride layer would
build up and stifle the reaction. It turns out that it is neccesary to balance the
two effects: one must take the measurement after the lithium film on the walls
has burned off but before the nitride layer begins to control the reaction rate.
For point 27, the ratio of gas reacting to gas arriving at the reaction site
was 49 percent, about the same as the points on the higher curve of figure 5.1.
No additional curve is drawn to represent this faster reaction rate because it
is likely that the operator error and the effect of the lithium creep were large.
However this point indicates that, for lithium temperatures'above 700 C, there
may be another curve higher than the highest curve in Figure 5.1, and that
the present highest curve in Figure 5.1 may not represent, reactions that are
completely independent of the nitrogen flow.
Temperature Error
For many runs, especially at high temperatures, the temperature of the
lithium pool changed drastically in spite of our efforts to control it. For a given
reaction we assumed the temperature of reaction to be the mean between the
temperature at the beginning of the run and the temperature at the end of the
run. The runs lasted from 8 seconds to 1 minute, and the temperature of the
pool sometimes did not vary at all, and sometimes varied as much as 100C.
The temperature error is not too significant at the low and high ends of the
temperature spectrum, because the reaction rates are relatively constant with
temperature. For temperatures between 500 - 800 C this error is important, and
-80-
is plotted in figure 6.8. We take this error to be equal to plus or minus 30 percent.
6.6 Nitrogen Flow Dependence
Figure 5.1 shows the effect of the nitrogen flowrate for high temperature
(greater than 700 C) lithium-nitrogen reactions. The lower curve represents re-
actions that were strongly flow dependent, while the upper curve represents re-
actions that we assume were independent of the flow. (Remember, though, that
Run 27 produced a reaction rate that was even higher than the upper curve,
indicating that there is probably another, higher curve, and also indicating that
the high curve of figure 5.1 may not be completely flow dependent.) The gas
flowrate for the points on the lower curve was around 1.5 liters/min., and for the
upper curve the flowrate varied from 2.0 to 4.0 liters/min. Note that one point
on the upper curve is also marked flow dependent; this also indicates that there
is probably another curve above the upper curve presented here. Notice also
that for the HEDL LN-3 natural convection experiment, where the lithium pool
temperature was around 900C., the reaction rate was approximately the same
as the reaction rate for these flow dependent reactions. This indicates that the
nitrogen arrived at the combustion zone at approximately the same rate during
our flow dependent runs as during the HEDL run LN-3. The existence of the
upper curve supports the claim that the high temperature lithium-nitrogen reac-
tion is nitrogen flow dependent for the flowrate of the lower curve (1.5 liters/min)
and for the natural convection flowrate of the HEDL LN-3 experiment. If the
reaction rate were dependent on the rate of diffusion of the lithium vapor from
the pool to the reaction site, changing the nitrogen flow would have no effect.
In an earlier chapter we defined a ratio of the amount of gas reacting to the
total amount of gas fed to the reaction site. An arbitrary limit of 50 percent
was set; if the ratio was greater than this limit, the reaction was nitrogen flow
dependent, and if the ratio was less then the reaction was considered flow inde-
pendent. Most likely, this limit should be reduced to around 25 percent or lower,
-81-
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as we have seen some indication of reaction rates higher than those on the upper
curve of figure 5.1. (One indication was a gas dependent point resting on the
upper curve, another was the very high reaction rate measured during run 27.)
Quantifying the effect of the nitrogen flow is beyond the scope of this exper-
iment, although if this could be done there would be many benefits. A detailed
set of experimental data on the effect of the nitrogen flow would either verify
existing reaction models or lead to better new models that would describe more
accurately the nitrogen mass flux to the reaction site and its effect on the reac-
tion.
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Chapter 7
CONCLUSIONS AND RECOMMENDATIONS
7.1 Conclusions
In the LITFIRE model the lithium reacts in the vapor state, arriving at
the combustion zone above the lithium pool after evaporating from the pool
surface and diffusing upward. However, LITFIRE assumes that the rate control-
ling mechanism during lithium pool burning is always the rate of arrival of the
nitrogen molecules to the reaction site.
We verified this assumption for high pool temperatures (greater than 700
C) because the reaction rates at high temperatures increased with an increas-
ing nitrogen flow rate. A low flow rate of 1.5 liters/min (divided by the surface
2area of the lithium pool, this flow is 0.387 1/mim. ) resulted in a reaction
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rate slightly less than the reaction rate measured by HEDL during their high
temperature test LN-3. Doubling the flow rate led to reaction rates that were
significantly greater than HEDL's. Therefore, a nitrogen flow of 1.5 liters/min
(0.387 1/min Cm) seemed to supply the reaction site with the same amount of
nitrogen as a large atmosphere will by means of natural convection, and by dou-
bling the flow the reaction rate was found to increase greatly. We can conclude
that for a high temperature lithium pool burning in a large atmosphere of nitro-
gen, the reaction rate varies with the rate of arrival of the nitrogen gas to the
reaction site, and therefore is controlled by this nitrogen gas flow to the reaction
site.
For lower temperature runs, we see that the mean value used to represent
Addison's data lies below the lower line of Figure 5.1. In all of Addison's exper-
iments, the nitrogen arrived at the reaction site by means of natural convection.
However, Addison took other data that lie more or less on the line. That some
natural convection data lie on the curve in Figure 5.1 may indicate that the reac-
tion rate is not as powerfully dependent on the nitrogen flow for low lithium pool
temperatures as it is for higher pooLI temperatures. However, it is not possible
to make an accurate judgement on this matter solely on the basis of Addison's
data, as Addison's data varied quite a bit.
Once the reaction has begun in earnest, another effect must be taken into
account - the growing nitride layer. Lithium nitride forms a strong ceramic
barrier on the surface of the lithium pool, and soon grows thick enough to stifle
the flow of lithium to the reaction site.
We observed that, after a short period where the reaction rate is constant,
the total lithium consumption as a function of time tends to follow a parabolic
law. This same observation was made by two other investigators who were mea-
suring the lithium-nitrogen reaction rate at low temperatures. This parabolic
trend is almost certainly due to the hindering effects of the nitride layer. It is
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important to recognize that any code work done on the lithium nitrogen reaction
(or the lithium-air reaction) must take this hindering-effect into account.
Tillack [2] presents another suggestion by Ostroushko, et al. [9], that the
lithium-nitrogen reaction can be expressed as a function of time as:
a = 1 - exp(-kt")
where a is the extent of the reaction. This is the "topochemical reaction of
Kolmogorov and Erofeev," and apparantly does a good job of accounting for the
effect of the nitride layer.
With regard to the use of nitrogen as a cover gas for lithium in fusion reac-
tors, figure 5.1 indicates two possible limits to the working lithium temperature.
The first limit is at 500C; lithium and nitrogen barely react at temperatures
under 500C, and if a designer can keep his lithium temperature under 500C then
he can probably count on nitrogen as a..cover gas.
The second limit is at 650 C; between 500 and 650C, the lithium reacts
readily with the nitrogen, but at a relatively slow pace, compared to the very
fast reactions for lithium temperatures above 700 *C. It may be
possible for the designer to use nitrogen as a cover gas for lithium temperatures
up to 650C, if he can keep the heat generated by the lithium-nitrogen reaction
from raising the lithium temperature past the second limit of 650C. The heat
of reaction can be taken away from the combustion site if adequate cooling is
provided. The designer could alternatively rely on a passive cooling scheme that
would depend on a large lithium heat capacity.
Beyond the limit of 650C the lithium-nitrogen reaction increases remarkably
with increasing temperature, and the reaction becomes very difficult to control.
(Note, however, that the conclusions drawn here are based on data where nitrogen
was driven by forced convection to the reaction site. A recent test by HEDL,
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where the nitrogen was driven to the reaction site by means of natural convection
(a nitrogen atmosphere test), showed that there is barely any reaction between
nitrogen and lithium up to 650 C.)
Finally, we measured reaction rates up to a lithium pool temperature of 1128
C, which is 100 C above the maximum value predicted by Tillack. [2] Looking
at figure 5.1, one can extrapolate and predict a maximum burn temperature of
1150 C, beyond which one would expect the lithium nitride to disassociate back
into pure lithium and pure nitrogen.
7.2 Recommendations
This paper presents some initial reaction rate measurements for the lithium-
nitrogen reaction. It is the beginning of an attempt to accurately measure the
reaction rates of lithium and the various components of air. Soon water vapor will
be mixed with the incoming nitrogen gas and the effects of this vapor measured.
Then oxygen will be added to the nitrogen, first without water vapor, then with
the vapor.
Other experiments need to be run in order to model the lithium-nitrogen
reaction more accurately. First, the lithium-nitrogen and lithium-oxygen exper-
iments need to be reproduced in a large tank in order to drive the nitrogen to
the reaction site by means of natural convection. In this way the forced convec-
tion data can be compared to natural convection data, using the same lithium
containers, gas supplies, and lithium supplies for both experiments.
Second, a series of tests needs to be made to determine the diffusivity of the
nitride layer for the entire temperature spectrum of the lithium-nitrogen reaction.
This will allow LITFIRE to accurately model the effect of the nitride layer on
the lithium - air reactions. Probably the best way to do this would be to put
the lithium in a large tank of nitrogen, and, holding the temperature constant,
watch how the reaction rate changes as a function of time.
4
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Third, the LITFIRE model needs to be modified to include the effect of the
nitrogen forced convection on the reaction rate, and also to treat more accurately
the effects of the nitride layer on the lithium-air reaction rate. It would be useful
to measure carefully the effect of the nitrogen gas velocity on the lithium-nitrogen
reaction rate, in order to verify the values of the mass transfer coefficients used
in LITFIRE.
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Appendix 2
List of Data Used in Figures 6.1 through 6.6
t (sec.)
HEDL LN-3
120
300
600
1800
t(sec.)
RR( kgLi/sec m2 )
95.4
41.5
29.9
11.6
RR( gLi/mincm 2
w(kgLi reacted)
2.29
3.78
5.57
8.35
w(gLi reacted)
Run #11
55
106
0.197
0.108
0.70
1.058
Run #10
54
107
Run #12
60
110
Run #13
52
101
Run #16
20
42
61
2
w
5.24
14.3
31.02
69.72
2
w
0.49
1.12
0.91
1.17
0.262
0.076
0.461
0.144
0.837
1.37
1.79
2.26
3.20
5.09
0.455
0.137
1.53
1.96
2.34
3.86
0.127
0.127
0.120
0.164
0.345
0.492
0.027
0.119
0.242
